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ABSTRACT
Design and Frequency Characterization of Dual-Piezoresponsive Foam Sensors
Cory Nelson Newton
Department of Mechanical Engineering, BYU
Master of Science
Multifunctional “self-sensing” materials at the frontiers of current research are generally designed
to gather only a single type of information (such as quasi-static strain data). This project introduces
a new sensor that is both multifunctional and dual-response, indicating its ability to not only
perform in mechanical and sensing functions but also in its ability to sense multiple types of
response. The proposed new class of sensing materials, comprised of nanocomposite polymer
foams, exhibits measurable piezoresistive and quasi-piezoelectric phenomena in the form of
change in resistance and voltage generation in response to deformation, respectively. An initial
sampling of the envelope of dual-response nanocomposite foam sensors is mapped. The sensing
materials can also be tailored to provide desired mechanical compliance and damping.
Nanocomposite foam sensors decrease in resistance with increased strain in both static and cyclic
compression environments. The quasi-piezoelectric voltage response of nanocomposite foam
sensors increases linearly with compression frequency. A circuit and signal demodulation system
was developed enabling simultaneous capture of a dual-response foam sensor’s change in
resistance and voltage generation. Measuring the two responses provides both long-term and
immediate performance and health status of mechanical systems, enabling improved monitoring
and decreased risk of failure.
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1

INTRODUCTION

From the dawn of time humans have endeavored to understand their physical world,
harness its capabilities and escape its pitfalls. The Western world’s contemporary venture into
the data frontier of knowledge is mobilizing everyone with information, and while the presence
of myriad data has by no means obsoleted the mechanical world, the mechanical and
physiological industries desire data to increase effectiveness, efficiency and quality generally.
The advent of electronic sensors permits great data gathering opportunities in a variety of
situations. A significant challenge of sensors is overcoming measurement-induced bias.
Traditionally sensors mount as a non-functioning component on a machine or in an environment
of interest, limited to measuring only at discrete locations and times as well as risking tampering
with the measured medium. As an alternative to independent measuring sensors, “self-sensing”
component materials have been developed that measure responses in situ and do not compromise
mechanical functionality or introduce measurement bias. An example of a multifunctional
material is piezoresistive nanocomposite foam, which provides valuable strain magnitude
information in addition to acting mechanically as an energy absorbing material.
Such multifunctional “self-sensing” materials at the frontiers of current research can
generally gather only a single type of information (such as quasi-static strain data). In the BYU
nanocomposite sensor research group different teams have focused on measuring either impact
(via a voltage response) or strain (via a resistive response) from very similar materials. This
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project introduces a new sensor that is both multifunctional and multisensing, indicating its
ability to not only perform in mechanical and sensing functions but also in its ability to sense
multiple types of response. The proposed new class of sensing materials, comprised of
nanocomposite polymer foams, will be designed to measure both quasi-static strain and impact /
vibration, hence the term “dual-response,” while also providing mechanical compliance and
damping. Measuring the two responses provides both short-term and long-term performance and
health status of mechanical systems, enabling improved monitoring and decreased risk of failure.
The sensing domain may be divided into two separate entities, based on two attributes:
the frequency of compression and the type of response. The first entity is the quasi-static regime,
or nominal compression and often produces a piezoresistive response. The second entity is the
dynamic regime, or vibrational frequencies and often produces a piezoelectric response. This
project aims to develop sensors that simultaneously provide feedback in both regimes.
Development of self-sensing materials has been heretofore driven by uncharacterized
electrical responses detected during specific applications of the sensor. The sensors have been
used for foam padding and long-duration constant strain. A piezoresistive response was
examined, showing a correlation between increased strain and decreased resistance. The
response is nuanced by signal decay and hysteresis, often attributed to stress relaxation and
creep. The sensors have been used for insoles in shoes, and again a piezoresistive response was
detected, supposing each footstep to strain the sensor and decrease the resistance across the
sensor. The sensors have been used for foam padding in football helmets, considering these
compressions to be more like high-energy impacts with the compliant sensors experiencing
extremely high strain rates. Rather than registering a piezoresistive response, in this scenario a
quasi-piezoelectric effect was surprisingly detected, showing a rapid increase and subsequent
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decrease in voltage correlated with each compression. While the amperage is minimal, the
responding voltage peak is a useful signal. In fact, both the location and height of each response
peak correlate with the timing and magnitude of each impact, respectively. The proposed
underlying physical mechanisms include triboelectric interactions, supposing the base polymer
material to be rubbing with the conductive particles and generating a charge, much like the effect
experienced when a glass rod is rubbed with silk.
Understanding the response of the sensor in both the quasi-static and dynamic regimes
will enable its use in a host of applications. This robust sensor may observe a constant
compression frequency, monitor compressions with fluctuating or cyclic frequencies, or measure
both compression types simultaneously. Regardless of its application, a single sensor will be
capable of sensing quasi-static and dynamic compressions, eliminating the need for externally
mounted sensors or sensor customization.
As an introductory task, piezoelectric sensors need to be characterized in different signal
measurement configurations, with the goal of determining optimal test setup. Probe
configurations, along with their benefits and appropriate usage, need to be explored in order to
most effectively register electrical signals. The effects of the probes interacting with the foam
and the embedded particles interacting with the foam must be isolated and examined, in an
attempt to determine the origins of the piezoelectric effect. The effect of changing the sensor
volume must be determined, as each sensor application will require a different sensor shape and
volume. Methods for effectively simulating application environments in the laboratory must be
investigated in order to acquire consistent responses from sensors. The effect of temperature on
the sensor as it is cyclically compressed needs to be examined.
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The piezoresistive effect in nanocomposite sensors needs to be more thoroughly
characterized. While the piezoresistive response of these sensors has previously been examined,
a larger envelope of materials needs to be explored. The response of nanocomposite sensors
under various circumstances also needs to be examined, including long-term compression and
cyclic compression to a nominal strain.
The quasi-piezoelectric effect due to cycling in nanocomposite sensors needs to be
characterized. The range of acquiring empirical data from frequency testing is limited by
available testing equipment.
Dual-response sensors are capable of registering electrical responses to dynamic and
quasi-static compressions, highlighting their dual nature, meaning their ability to be quasipiezoelectric and piezoresistive. Also called multisensing, these piezoresistive and piezoelectric
sensors are the main contribution of this project. A large envelope of dual-sensing materials is
explored, including polyurethane, latex and silicone polymer foams embedded with nickel
powder and nickel-coated carbon fiber nanoparticles. Finally, a circuit and software system is
developed, capable of simultaneously registering and manipulating both electrical responses to
provide useful output information of the immediate and long-term health of a mechanical system.
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BACKGROUND

Self-sensing Components
Various mechanical situations enable existing components to serve an additional purpose
as sensors; for example magnetic bearings that also indicate component position [1], optically
self-sensing epoxy resins [2] and internally monitored concrete structures [3]. Due to the
inherently dual nature of some materials, piezo technology is particularly useful as a means for
self-sensing in a variety of applications [4-6]. Hybrid materials also make good candidates for
multifunctional materials as they attempt to combine chief properties of at least two materials.
For example, foams hybridized to be electrically conductive have been created for a variety of
purposes, including electrical shielding [7, 8], piezoresistive sensing (strain [9, 10], pressure [11]
and general structural monitoring [12]), and simply for lightweight conductors [13].
Mechanical systems characteristically produce vibrations, some of which may adversely
affect the performance of some components. Not only does vibration induce fatigue and wear,
but it may also result in creep of compliant seals or loosening of joining mechanisms that result
in component separation or pressure release. Traditionally used sensors for monitoring vibration
and joint integrity in mechanical systems include strain gauges, fiber optic sensors and pressure
sensors [14-16]. A complete sensor system should measure both quasi-static deformation of seals
or other compliant components, along with overall system vibration. The goal of this project is to
design a single multifunctional sensing material that can provide mechanical compliance while
sensing both quasi-static component deformation and dynamic vibration, or impact. The sensing
5

materials should demonstrate desired mechanical compliance and damping, the quasi-static and
dynamic impact responses should exhibit clear relationships and the sensor responses should be
immediately reportable. The current state of the art for sensors in both quasi-static and dynamic
impact regimes is briefly reviewed below.
Quasi-static Strain Sensors
Strain of engineering components is traditionally measured using foil strain gauges.
These gauges are not self-sensing but are externally applied; apart from the limitation of only
being able to supply information about surface strains at accessible points, strain gauges in lowmodulus materials may introduce undesired measurement-induced bias. Additionally, they are
typically only capable of measuring small strains. However, advances have delivered a range of
self-sensing materials comprised of polymer composite materials that simultaneously measure a
much wider range of strain [17, 18].
Deforming a polymer matrix embedded with certain nanoparticles like nickel-coated
carbon fibers and nickel nanostrands elicits a piezoresistive response correlated with the strain
[19-21]. Combining multi-wall nano-carbon nanotubes with an epoxy matrix even produces a
direction sensitive piezoresistive response in bending [22] and a simple response during tensile
loading [23]. An array of other matrix materials and nanoparticle fillers have been combined to
produce piezoresistive materials, including polypropylene and polyurethane, nanofibers and
multi-wall carbon nanotubes (MWCNT) [13, 24]. As strain is applied to this class of material,
the distance between nano junctions decreases. This decreased nano junction height enables
increased quantum tunneling, a proposed cause of the extreme piezoresistive effect [25, 26].
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Dynamic Impact Sensors
Accelerometers are often used for measuring dynamic impact and vibration [27].
However, accelerometers do not meet the requirement of being self-sensing as they are
externally applied, and they are relatively expensive. An impact-sensing material that
simultaneously provides the same mechanical function as current foam and rubber-like
components is desired. Once again, significant progress has been made in this area by utilizing
piezoresponsive materials. Several composite materials have been designed to elicit a voltage
response during impact by virtue of the triboelectric effect.
Initial research focused on layered materials that exploit the triboelectric effect for
sensing or energy harvesting, gaining significant traction in recent years. Such designs can range
from simple sheets of materials from opposite ends of the triboelectric spectrum that generate
charge when peeled apart, to intricate arrays of nano-sized plates that can produce large charge
movement when simultaneously pulled or slid apart [28]. Quasi-piezoelectric foams have been
reported that deform in the presence of an electric field — in the sense that the polymeric foams
(such as polypropylene) undergo a constriction or expansion when a high voltage is applied [29].
The reverse effect of a charge arising from deformation of the foams has only recently been
discovered with nanocomposite foams that exhibit the opposite quasi-piezoelectric phenomena
during impact [30-32]. Under rapid deformation and decompression, a voltage is produced that
relates to the magnitude of the impact. This opens a whole new suite of self-sensing materials for
use in mechanical systems. While most mechanical systems generate vibrations in several
directions, typically one direction of vibration is of interest, and these dynamic impact sensors
detect the vibrations in that direction.
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METHODOLOGY

Sensor Creation
Nanocomposite foams made with several polymer matrix materials (including
polyurethane, silicone and latex) have been shown to exhibit quasi-piezoelectric effects [30]. For
the development of self-sensing components, polyurethane-based foam (Utah Foam) latex-based
foam (Latexco) and silicone-based foam (Platinum Silicone Foam, Factor II, Inc.) are selected
due to their industrial usage, market availability, and price. Polyurethane- and silicone-based
sensors are made onsite by casting the low-density foam in a custom aluminum mold of a predetermined size, often 3 inches by 1.5 inches by 0.5 inches. To prepare the foam mixture, a
specified and previously optimized amount of conductive particles (most commonly 18% of the
total mixture by weight) is incorporated into the ‘B’ component of the two-part foam base until
the additives are well dispersed. The ‘A’ component is then added to this mixture, quickly stirred
in a centrifugal mixer and then poured into the 45° C mold. Once in the mold, the rising foam is
covered and clamped on top to regulate sample size and density. After 15 minutes on a hot plate,
the partially cured foam is blown out of the mold and left to sit at room temperature for 24 hours
to finish the curing process. Latex-based sensors are made offsite by mixing the specified
amount of conductive nanoparticles into the foam mixture and subsequently vulcanized.
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Test Equipment

3.2.1

Instron Tensile Machine
An Instron tensile machine is used to quasi-statically compress the foam sensors with the

ability to change the strain level in a controlled manner. The Instron is also used to sinusoidally
compress the foam sensors up to 8 Hz with a peak-to-peak amplitude of 0.2 inches. Instron
tensile machines use hydraulics to actuate two heads, top and bottom. Each head clamps a
compressing surface, in this case and pictured in Figure 3-1 a solid steel disc in the top clamp
and a solid steel plate in the bottom clamp. Both steel surfaces are insulated with vinyl
(electrical) tape in order to mitigate machine conductivity. During testing the top head is fixed
and the bottom head is programmed to actuate cyclically.

3.2.2

Cyclic Compression Testing Apparatus
A cyclic compression testing apparatus was custom-built in order to subject the foam

sensors to higher frequency cyclic compressions. The custom apparatus is capable of
sinusoidally compressing foam sensors at frequencies 10–45 Hz with a peak to peak amplitude of
0.2 inches. The apparatus uses two electric motors to drive a crank disc, and a connecting rod
transfers the high frequency cyclic rotation of the crank disc into reciprocal linear displacement
of a steel plate. Another steel plate is fixed above the reciprocating steel plate, and the foam
sensors are compressed between the two surfaces. Both plates are covered with vinyl (electrical)
tape in order to electrically isolate the foam sensor from the apparatus. For many of the tests and
results reported in this project, zero pre-strain is introduced by setting the platform plate to
bottom dead center, placing the sensor on the platform and fixing the upper rigid plate to make
non-compressive contact, followed by cycling. The reciprocating frequency of the platform plate
10

Figure 3-1: Instron Tensile Machine
is measured using a laser tachometer and validated with a spectrogram of the voltage
response. Figure 3-2 shows the apparatus with its power supply, and a sensor positioned on the
platform between the two plates.
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Figure 3-2: Cyclic Compression Testing Apparatus

3.2.3

Drop Impact Testing Apparatus
An Instron Dynatup drop impact testing apparatus is used to rapidly compress foam

sensors, simulating impact. The apparatus relies on gravity, utilizing two aligned slide rods to
vertically guide a calibrated weight to impact a sensor from a set height. Impact energy is easily
calculated using energy conservation. Figure 3-3 shows the apparatus with the impact head set to
a low height.
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Figure 3-3: Drop Impact Testing Apparatus

Data Capture
A National Instruments 9234 Data Acquisition (DAQ) module in conjunction with a
custom LabVIEW dashboard is used to register electrical signals emitted by the sensor and can
be used while the compressing device is running. Figure 3-4 is an example setup with the cyclic
compression testing apparatus. A RIGOL multimeter capable of measuring up to 100 MΩ is used
13

to register resistance across a sensor, and an EZ Digital function generator is used for testing
involving an alternating input voltage. LabVIEW is used because of its ability to customize the
input data type, the sampling frequency, and other parameters, and its simple interfacing with
MATLAB. Data from each sensor is gathered at a sampling rate of 5-50 kHz, depending on the
post-processing procedure, and is capable of capturing the important components of the
response. Various probe configurations are used to register voltage and resistance data and will
be discussed later.

Figure 3-4: Data Capture
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4

RESULTS

Measurement Configurations
Various measurement configurations were explored in order to determine appropriate
methods for collecting electrical responses of nanocomposite foam sensors, help uncover the
physical mechanisms underlying their piezoresistive and quasi-piezoelectric nature, and
ultimately to discover optimal dual sensors. The voltage effects of the various measurement
configurations may be combined into a comprehensive model, as in equation (4-1).
𝑉𝑉 = 𝑎𝑎 𝑃𝑃% + 𝑏𝑏 𝑁𝑁) + 𝑐𝑐 𝑉𝑉 + + 𝑑𝑑 𝐹𝐹 . + 𝑒𝑒 𝑇𝑇 1 + 𝜁𝜁

(4-1)

Each term of equation (4-1) represents a different aspect of the measurement configuration, with
𝑃𝑃 representing the probe surface area, 𝑁𝑁 representing the nanoparticle content, 𝑉𝑉 representing

the sensor volume, 𝐹𝐹 representing the fastening method, 𝑇𝑇 representing the sensor temperature,

and 𝜁𝜁 representing the interaction of some or all the previous terms. The coefficients represent

the configuration aspects’ relative effects, the exponents represent the relationship trend of the
configuration aspects, and the operators need not necessarily be plus signs (e.g. may be
multiplication signs in some instances).

4.1.1

Probe Design
Probes are needed to extract generated voltage and register change in resistance of

nanocomposite foam sensors. However, the effect of probes and their design on the response of
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current sensors is not understood, and presumably there is some triboelectricity generated at the
probe itself, affecting the overall response. Moreover, a useful probe design is one which more
naturally reflects the environment of engineering components to be monitored. Four probe
designs were introduced in attempts to answer these needs—lance probes, plate probes,
conductive fabric probes and embedded leads probes—and their ease of manufacturability and
ease of use discussed, with recommendations for their use.
Lance probes consist of arrayed metal spears or points which are inserted into the foam
sensor in order to extract the response signal. The points are joined together to provide a single,
bulk signal reading, or the sum of all signals measured by the points. See Figure 4-1 for an
example of a four-point lance probe and Figure 4-2 for an example of a lance probe inserted into
a foam sensor. Lance probes are made from circuit board header pins for the points, solid wire to
join the points together and provide a common measurement rail, and hot glue to secure the
headers and wires during testing. Lance probes are inserted into the foam sensor immediately
before testing, which is very useful if the sensor is already created, but also increases the
likelihood of the probe to fall out. Lance probes are recommended for laboratory work only.

Figure 4-1: Four-Point Lance Probe
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Figure 4-2: Lance Probe Inserted in Foam Sensor
Plate probes are inspired by real-world application environments where compliant
components in a machine may likely separate two metallic components. For example, in an
internal combustion engine a rubber gasket sits between the cylinder head cover and the cylinder
head, providing a pressure seal and compensating for inconsistencies in the metal surfaces. Such
a seal will be strained to a nominal compression upon installation and subsequently experience
countless vibrations during vehicle operation. If the compliant gasket is replaced with a
nanocomposite foam sensor, and the mating metal surfaces do not touch, the electric responses
generated by the sensing gasket may potentially be extracted using the mating metal surfaces
themselves as conductors.
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Figure 4-3: Neat Foam Cast Between Brass Plates
To simulate the sandwich design, a foam sensor was placed between two copper plates,
and the sensor was cyclically compressed and its generated voltage response measured directly
from the copper plates. The foam sensor was cast between the copper plates to eliminate sensor
movement during cyclic compression testing and ensure constant physical contact and electrical
connection between plate and sensor (See Figure 4-3). In Section 4.1.3 increasing the voltage
response of a sensor by adding nanoparticles is validated, so voltage from neat and
nanocomposite foams was measured using plate probes, expecting the nanocomposite foam
sensor will generate a larger response. Figure 4-4 shows the raw data result of the entire 30 s test
and Figure 4-5 shows data from two individual cycles, both displaying the voltage response over
time, with the two color series representing the response from neat and nanocomposite foam
sensors. The response from neat foam ranges -0.5–2.0 millivolts and the response from
nanocomposite foam ranges -4.0–3.5 millivolts. The nanocomposite foam registers a larger
18

voltage response than the neat foam, though both signals are relatively small. Additional
electrical effects at this scale may be at play when using plate probes, for example perhaps the
magnitude of probe surface area is too large or perhaps the two plates introduce an undesired
capacitive effect. Using the configuration described here, plate probes are not currently a viable
probe system and are not recommended for use. However, their industry utility merits future
investigation.
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Figure 4-5: Neat and Nanocomposite Foam Responses Using Plate Probes, Two Cycles
Conductive fabric probes consist of using conductive paint to adhere conductive fabric to
the top and bottom of a foam sensor. Conductive fabric probes are similar to plate probes in the
sense that they cover the entire top and bottom of the sensor. Pictured in Figure 4-6 as the sensor
was loaded in the Instron tensile testing machine, conductive fabric probes are generally only
used with latex-based specimens. Latex’s low density and fabrication complexity makes other
probes difficult to use because the probes are more prone to fall out and must be installed after
sample creation.
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Figure 4-6: Conductive Fabric Probes on Latex Sample
Embedded leads probes consist of wires with one exposed end rooted inside the foam
sensor and the other end available to connect to the data acquisition system. The wires are
prepared and placed in the foam sensor mold, and the foam is subsequently cast into the mold
around the leads. See Figure 4-7 for an example of embedded leads before the foam is cast.
Embedded leads probes are made from 28-gauge stranded copper wire, with the embedded end
exposing 0.5 inches of wire and the seven copper leads equally splayed radially, and the other
end used for data capture exposed 1 inch and solder-tinned. Embedded leads probes require
implantation during foam sensor creation, requiring additional manufacturing planning especially
at large scale. They are however much less likely to fall out when being used or compressed and
may be positioned anywhere in the foam. Their use is recommended for laboratory work and
strongly recommended for industrial use.
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Figure 4-7: Embedded Leads in
Foam Mold

4.1.2

Probe-Foam Interaction
A major claim for nanocomposite foam sensors over traditional sensors is they are in situ

and do not introduce significant measurement bias. However, the generated voltage needs to be
extracted via probes of some design (see Section 4.1.1), the presence of which probes may affect
the voltage response. The voltage response, if any, due to the presence of measurement probes
must be understood in order to properly account and design for it. Probes inserted into neat foam
are presumed to generate a voltage response because of triboelectric voltage generation as the
points jostle in the foam. Consequently, increasing the amount of probe surface area interacting
with the foam presumably increases the voltage response.
In order to investigate the probe-foam interaction, neat foam was probed with two-point
measurement probes in each side (four total points), and the specimen was subjected to 15 Hz,
0.0–0.2 strain compressions. The cyclic compression testing apparatus was used, the sensor was
set with no pre-strain, and the measurement probes were connected to the data capture system.
The same test was performed on the same foam sample but with four-point probes in each side
22

(eight total points) and again with six-point probes in each side (12 total points). Figure 4-8
shows the raw data result, displaying the voltage response over time, with each color series
representing the response from each quantity of points. Neat foam probed with lance
measurement probes clearly exhibits a voltage response. Using four total points peaks
ranged -0.03–0.03 volts, using eight total points peaks ranged -0.15–0.13 volts and using 12 total
points peaks ranged -0.30–0.35 volts. Measurement probes inserted into the sensor generated
voltage under cyclic loads, contributing the 𝑃𝑃 term in equation (4-1) and is presumably due to a

triboelectric interaction of the probe with the foam. The voltage response from the probe-sensor
interaction during cycling increases linearly with increased probe total surface area, and the 𝛼𝛼
exponent of equation (4-1) would equal 1.
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4.1.3

Embedded Nanoparticles
In order to optimize the sensor makeup for laboratory and industry uses, embedding

nanoparticles in foam sensors to generate quasi-piezoelectric voltage was validated [30]. The
whole piezoelectric effect in a nanocomposite foam sensor is presumed to be the sum of multiple
voltage generators, including charge derived from triboelectric interactions. Triboelectricity,
which is the electricity generated when two materials dynamically contact, presumably includes
interactions of foam with probes and foam with particles. Nanocomposite foam, or foam
embedded with nanoparticles is presumed to generate a greater voltage response than neat foam
because the nanoparticles introduce additional voltage-generating triboelectric interactions.
In order to compare the quasi-piezoelectric voltage responses of neat and nanocomposite
foams, a sample of each foam was probed with two six-point lance probes (12 total points) on
opposite sides of the foam and each was subjected to 15 Hz, 0.0–0.2 strain compressions. The
nanocomposite foam sample was prepared with previously optimized nanoparticle contents [30].
The cyclic compression testing apparatus was used, the sensor was set with no pre-strain, and the
measurement probes were connected to the data capture system. Figure 4-9 shows the raw data
result, detailing the voltage response over time, with the colors representing the two foams. Neat
foam clearly exhibited a voltage response, with peaks ranging -4–5 millivolts. Nanocomposite
foam also exhibited a voltage response, with peaks ranging -6–8 millivolts. As predicted, the
presence of nanoparticles caused the sensor to produce a larger voltage response than without
nanoparticles, constituting the 𝑁𝑁 term in equation (4-1) and in this case produced a 50% increase
in voltage response. A larger magnitude response increases the signal-to-noise ratio, making the
data more meaningful. The presence of nanoparticles also enables the piezoresistance of the
material, ultimately leading to its dual-response capability.
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Figure 4-9: Voltage Response in Neat and Nanocomposite Foam

4.1.4

Sensor Volume
Sensors must conform to a variety of shapes, for example shoe insoles, helmet padding

and gaskets. Each shape will constitute a different volume of sensing material, and the effect of
connected sensor volume on the voltage response must be understood.
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Figure 4-10: Volume Effect Specimen
In order to determine the effect of sensor volume on the voltage response under an
unchanging mechanical response, embedded wires probes were inserted into the center of a
2.5x2.5x0.5 inch nanocomposite foam sample (see Figure 4-10) and the specimen was subjected
to 15 Hz, 0.0–0.2 strain compressions. The cyclic compression testing apparatus was used, the
sensor was set with no pre-strain, and the measurement probes were connected to the data
capture system. One section was cut and insulated from the sensor foam using a knife and vinyl
tape and the same test was performed, retaining the insulated section to simulate the mechanical
characteristics of the original sensor foam. Cutting, insulating and cycling was repeated until all
four sections were removed. Figure 4-11 shows the raw data result, displaying the voltage
response over time, with each color series representing the response from the final three tests (i.e.
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two, three and four sections removed). With two sections removed remaining volume was 1.8 in3
and peaks ranged -0.5–0.5 volts, with three sections removed remaining volume was 1.2 in3 and
peaks ranged -0.25–0.20 volts and with four sections removed remaining volume was 0.5 in3 and
peaks ranged -0.20–0.15 volts. Given two sensors with an identical mechanical response, the
sensor with the greater volume will have a greater voltage response, contributing the 𝑉𝑉 term in
equation (4-1) and is presumably due to increasing quantity of triboelectric voltage-generating
instances. The voltage response of a sensor is linearly proportional to the its volume if its
mechanical response remains constant (see Figure 4-12), and the 𝛾𝛾 term in equation (4-1) is 1.
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For laboratory testing, an overall volume should be chosen that produces a maximum
voltage that is well within the sensing bounds of the data acquirer. For example, if using a data
acquirer that accepts a maximum 5 volt response, a sample no more than 10 in3 should be used.
Also, the impacting anvil should be larger than the impacted surface.
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4.1.5

Fastening the Sensor
The voltage response of a nanocomposite sensor to cyclic loading increases with

increased nominal strain [31]. However, cyclic loading does not always maintain compression on
a sample due to the recovery speed of the sensor being slower than the cycling speed. In the
laboratory, an unrestrained sensor in the cyclic compression testing apparatus may cycle out of
sync with the imposed cycling frequency, producing an incomplete voltage response. While the
volume restore time may be decreased in part by warming the sensor (see Section 4.1.6), a more
immediately consistent voltage response may be achieved by implementing an optimal fastening
scheme for securing the sensor to the test bed.

Figure 4-13: Sensor Fastened with Tape
Three sensor fastening methods were tested: free, taped and glued. “Free” indicates the
sensor is not attached to the testing plates in any way; the sensor often travels around the test bed
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when free. “Taped,” as depicted by Figure 4-13, indicates the sensor is secured to the bottom
plate only by a single piece of vinyl electrical tape. This method prevents the sensor from
traveling and constrains one side to actuate with the test apparatus. “Glued,” as depicted by
Figure 4-3, indicates the sensor is cast between plates and the plates are glued to the test plates
using JB Kwik Weld. This method eliminates all sensor movement and constrains both sides to
actuate with the test apparatus.
In order to determine the effect of the sensor fastening style on the voltage response,
foam was cast between polycarbonate plates, and the foam-plate assembly was allowed to sit
freely in the test apparatus. The specimen assembly is subjected to 45 Hz, 0.0–0.2 strain
compressions for 50 seconds, and the test was repeated using the taped and glued fastening
schemes. The cyclic compression testing apparatus was used, the sensor was set with no prestrain, and the measurement probes were connected to the data capture system. A high-speed
camera was also used to capture video data of the specimen in the “free” state. Figure 4-14
shows the raw data result, displaying the voltage response over time in the final 10 seconds of
the test, with each color series representing the response from the three fastening schemes. Using
the free scheme peaks initially ranged -0.3–0.4 volts and tapered in 10 s to -0.1–0.2 volts, using
the taped scheme peaks steadily ranged -0.15–0.2 volts, and using the glued scheme peaks
steadily ranged -0.01–0.01 volts. The fastening scheme determines the contribution of the 𝐹𝐹 term
in equation (4-1). Leaving the sensor unfastened in the free scheme allows the sensor to bounce

between the test plates, as depicted by the third step of video stills of one full compression cycle
in Figure 4-15. As the temperature of the sensor changes, the deformation response includes less
bouncing and it tapers to the “taped” case. Fastening using glue on both sides of the sample
forces the sensor to be fully strained and unstrained each cycle, following the plates exactly, and
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therefore possibly unnaturally overworking and damaging cell walls before they are warm
enough to buckle and restore quickly. With no potential for impact events, the resulting response
is much lower, reflecting the same low voltage result achieved using plate probes in Section
4.1.1. Fastening using tape is simple to use, and produces a consistent voltage response with a
relatively high signal-to-noise ratio. Fastening with tape simulates some real-world scenarios, for
example sensors in application undergoing high frequency cycling will likely be constrained
between two surfaces, either adhered to one or pre-strained by both. Fastening the sensor to one
plate using tape is recommended for laboratory testing.
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Figure 4-14: Sensor Fastening Schemes
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Figure 4-15: One Full Cycle of Compression Using "Free" Fastening Method

4.1.6

Sensor Temperature
Most objects, especially dampening materials like foam subjected to high frequency

vibrations have tendency to rise in temperature due to their energy absorption. The effect of
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temperature changes on the voltage response of a nanocomposite foam sensor must be
understood, given sensors in industry operation will likely be subjected to long-term vibrations.
Long-term vibrations may also cause a sensor to remain warm for long periods of time, meaning
data collected from a warm sensor is more indicative of what might be seen in industry. Sensor
voltage response is presumed to increase with increased sensor temperature because a higher
temperature sensor will experience a more complete strain cycle and therefore longer instances
of foam rubbing with nanoparticles which generate triboelectric charge.
In order to determine the effect of temperature on the voltage response, a polyurethanebased nanocomposite foam sample was probed with four-point lance measurement probes in one
side coupled with a grounded probe and the specimen was subjected to 45 Hz, 0.0–0.2 strain
compressions for 130 s. The cyclic compression testing apparatus was used, the sensor was set
with no pre-strain, and the measurement probes were connected to the data capture system.
Infrared video data of the vibrating sensor was recorded using a FLIR infrared video camera,
specifically capturing the sensor’s maximum temperature (see Figure 4-16 for a screenshot of the
video at near maximum sensor temperature). Figure 4-17 shows a plot of temperature and
voltage at 10 s intervals, illustrating that the sensor increased in temperature by over 37°C,
multiplied in voltage response nearly six times, and reached steady temperature of approximately
68°C and voltage response in 120 s. A nanocomposite foam sensor’s temperature increases when
subjected to cyclic compressions, contributing the 𝑇𝑇 term to equation (4-1), the voltage response

of the sensor rises linearly with increased sensor temperature which means the 𝜀𝜀 term in equation
(4-1) is 1. In order to accurately measure the voltage response of a sensor subjected to sustained,
cyclic compressions, the sensor should be allowed to reach a steady state temperature, or
calibration of the response for a temperature shift is required.
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Figure 4-16: Infrared Video Screenshot Capturing
Temperature
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4.1.7

Summary of Measurement Configurations
Each measurement configuration has an effect on the voltage response and makes a

contribution to equation (4-1). Lance probes and embedded leads probes both provide excellent
methods for extracting voltage response data, and are presumed to capture resistance response
data. Lance probes are beneficial as they may be used to probe specimens after they are
manufactured; embedded leads probes are more likely to stay fixed in the sensor and are the
recommended probe for industrial production. Conductive fabric probes are currently the only
viable solution for use with latex foam. Plate probes do not as yet provide useful information
using the configurations studied in this project, and they should not be used without further
investigation. Measurement probes inserted into foam also generate voltage under cyclic loads.
The voltage response from the probe-foam interaction is proportional to the probe total surface
area. A single probe coupled with a ground connection may be used to extract voltage response
data, though two probes inserted at opposite ends of the specimen are used to capture change in
resistance in a foam sensor.
In addition to the voltage generated by the probe-foam interaction, embedded
nanoparticles in foam sensors also generate voltage. A sensor with nanoparticles produces a
voltage response 50% larger than without nanoparticles, providing a higher signal-to-noise ratio
and making the data more meaningful. In addition to adding nanoparticles, increasing sensor
volume while maintaining identical mechanical response increases the voltage response
proportionally.
Fastening a cold sensor to the cycling head aids in producing a consistent voltage
response by reducing chaotic movement of the sensor. A nanocomposite foam sensor’s
temperature increases when subjected to cyclic compressions, and the voltage response of the
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sensor rises linearly with increased sensor temperature. In order to accurately measure the
voltage response of a sensor subjected to sustained, cyclic compressions, the sensor should be
allowed to reach a steady state temperature, or calibration of the response for a temperature shift
is required.

Piezoresistance Characterization
As described above, since the discovery of the quasi-piezoelectric response of
nanocomposite foam, studies have focused exclusively on this aspect of the material; it was
assumed that the material would not also be piezoresistive. In this section, we discuss the unique
piezoresistive properties of various nanocomposite foams in both quasi-static and dynamic
deformation situations. When combined with the subsequent characterization of the quasipiezoelectric nature, this will form the basis for the design of dual response sensors.

4.2.1

Piezoresistance of Foamable Polymers
In order to show the piezoresistive response of nanocomposite foams comprised of

different polymer base materials and varying nanoparticle content, multiple different samples
were probed with four-point lance probes on opposite sides (eight total probes) and the
specimens were subjected to several levels of static strain. Two specimens of each base
polymer—latex, polyurethane and silicone—were tested, for a total of six specimens. The
specimen nanocomposite contents are listed in Table 4-1. The Instron tensile testing machine
was used and the measurement probes were connected to the data capture system. Figure 4-18
shows the combined data result from all six specimens, detailing their resistance over strain, with
the colors representing each of the six specimens. The RIGOL multimeter used here is capable of
measuring resistance up to 100 MΩ. Each sample presented a transition from a flat line to
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positive slope, presumably, in most cases, due to the measuring capability of the multimeter.
However, considering that these polymers likely have neat polymer resistivities of around 1013 or
lower, there appears to potentially be a transition strains at which resistivity begins to drop
dramatically, and which may be attributed to a percolation threshold; this refers to a strain level
above which chains of nanoparticles with small enough gaps are aligned in order to form a
continuous electrical path [33-35]. This response marked with a sharp threshold differs from
previous studies on non-foamed polymers, which demonstrate an initial increase then decrease in
resistance [36]. Polyurethane-based specimens registered a measurable resistance at 0.0–0.4
strain and reached resistance as low as 0.81 Ω, the lowest of all base polymers. Silicone-based
specimens registered a measurable resistance at 0.0–0.5 strain and reached resistance as low as
1.6 Ω. Polyurethane- and silicone-based specimens were compressed to a maximum 0.72 strain
in order to prevent specimen mutilation. Latex-based specimens, presumably less dense than
polyurethane- and silicone-based specimens, experienced nearly 0.8 strain before their
resistances dropped into the measurable realm, and reached resistance as low as 27.5 Ω at 0.96
strain. An envelope exists of base polymers and nanoparticle contents which exhibit
piezoresistive behavior, meaning their resistances decrease with increasing strain levels, and may
accommodate various strain levels and resistance profiles.

37

1

10

Latex-1
Latex-2
Polyurethane-1
Polyurethane-2
Silicone-1
Silicone-2

100
10-1
-2

Conductance (S)

10

-3

10

-4

10

-5

10

10-6
-7

10

-8

10

0

0.1

0.2

0.3

0.4

0.5

Strain

0.6

0.7

Figure 4-18: Resistance versus Strain

Table 4-1: Piezoresistive Specimen
Nanoparticle Contents
Specimen
Nanoparticle
Content (% wt)
Latex-1
1
Latex-2
2
Polyurethane-1
15
Polyurethane-2
18
Silicone-1
17
Silcione-2
17
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4.2.2

Piezoresistance from Cyclic Compressions
Previous studies on non-foamed nanocomposites have examined piezoresistance in quasi-

static load environments and not dynamic load situations. In order to design dual-response
sensors that can operate in vibration environments, characterization of piezoresistance in the
presence of dynamic loads, and specifically cyclic compressions, is required. The piezoresistive
behavior was explored by cyclically compressing the sensor at a few frequencies using multiple
pre-strain levels. In order to register dynamic changes in resistance, the same test setup as
described in Section 4.4.2 was used here. A latex sample was probed and the specimen was
subjected to 30 Hz compressions for 300 s for warm-up [37]. Beginning with measurements at
30 Hz compressions, the cycling frequency was then decreased to 27 Hz, 23 Hz and 19 Hz,
cycling for 30 s each. The three strain levels used were 0.70–0.90, 0.75–0.95 and 0.80–1.00. The
Instron tensile testing machine was used and the measurement probes were connected to the data
capture system. Figure 4-19 shows the raw data impedance response from the three different prestrained samples at 23 Hz. Resistance is reported as impedance because the alternating current in
the measurement setup may be introducing reactance (see Section 4.4.2 for a more detailed
explanation). Figure 4-20 plots the average maximum registered impedance against the nominal
strain level, showing a decrease in impedance with an increase in strain level. The behavior of
producing lower impedance with higher strain is consistent with the quasi-static behavior
reported above.
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Quasi-Piezoelectricity Characterization
The quasi-piezoelectric nature of nanocomposite foam was initially explored in terms of
the voltage response to impact testing [30]. Later work investigated the voltage response in a
vibrational setting [31]. In both cases the voltage response increases with rate and / or strain rate,
but no attempt has been made at a detailed characterization of the relationship between electrical
response and deformation rate and size. This is the focus of the following sections.

4.3.1

Quasi-Piezoelectricity from Cyclic Compressions
The relationship between voltage response and strain rate or frequency of compression

and impact was studied by exposing nanocomposite foam to various cycling frequencies in the
testing apparatuses described in Sections 3.2.1 and 3.2.2. It was assumed that, consistent with
previous reported data, higher frequency cycling would increase the deformation rate, and hence
the hypothesized triboelectric response and subsequent voltage.
In order to determine the effect of compression frequency on the quasi-piezoelectric
voltage response, a polyurethane-based nanocomposite foam sample was probed with a fourpoint lance measurement probe in one side coupled with a grounded lead and the specimen was
subjected to a range of compression frequencies. The Instron tensile testing machine was used
for compression frequencies 1–8 Hz, and the cyclic compression testing apparatus was used for
compression frequencies 10–45 Hz. The Instron tensile testing machine cyclically compressed
the foam for 10 s at each integer frequency, beginning at 1 Hz and increasing by 1 Hz up to 8 Hz.
More rapid, cyclic compressions increase the temperature of nanocomposite foams, and the
voltage response of nanocomposite foams was shown to increase linearly with increasing
temperature (see Figure 4-17). In order to accommodate for the temperature-voltage effect for
the higher frequency tests, the sensor was held for 300 s at 45 Hz to reach steady-state
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temperature and voltage responses; the frequency was then decreased in steps, and held at 37 Hz,
32 Hz, 28 Hz, 21 Hz, 16 Hz and 10 Hz for 15s each time, with minimal temperature change. As
stated in Section 3.2.2, the frequency of compression is confirmed by a spectrogram of the data,
shown in Figure 4-21. On both testing apparatuses the sensor was set with no pre-strain, and the
measurement probe and a coupled ground lead were connected to the data capture system. Figure
4-22 and Figure 4-23 show the raw data result of cyclically compressing the sensor on the
Instron tensile machine and cyclic compression testing apparatus, respectively. Figure 4-24
combines data from both machines, plotting the average peak-to-peak voltage at each frequency.
The quasi-piezoelectric voltage response of nanocomposite foam sensors increases linearly with
compression frequency. This relationship is empirically observed in polyurethane-based sensors
1–45 Hz with R2 = 0.986.

Figure 4-21: Spectrogram of Voltage Response, 10-45 Hz
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4.3.2

Quasi-Piezoelectricity from Impact
Quasi-piezoelectric foam sensors have been previously characterized under impact

situations [30, 32]. In this section, it is investigated whether the response of the foam under
cyclic loading and under impact can be correlated, allowing for predictability of response over a
wide range of deformation phenomena. Due to the fundamentally different compression stroke
differences between impact and cyclic compressions, strain rate was used to compare the two
deformation techniques and an equivalent frequency for impact was determined.
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Figure 4-25: Impact from 8.6 J energy; (inlay) Voltage versus Frequency, 1–158 Hz
In order to ascertain a cycling frequency equivalent to the deformation from an impact
event, a polyurethane-based nanocomposite foam sample was probed using embedded leads and
the specimen was subjected to impact using the impact test rig, and the measurement probes
were connected to the data capture system. A mass of 1.75 kg was dropped from 0.5 m onto the
specimen, providing 8.6 J energy upon impact. High frame-rate video of the impact was also
captured at 6400 frames per second using a Phantom high-speed camera to optically determine
the strain rate and equivalent frequency. The sensor experienced 0.57 strain in 52/6400 s, or a
70.2 /s strain rate. For comparison, the cyclic compression testing apparatus set to 45 Hz strains
the sensor 0.20 in 0.01 s, or 20.0 /s strain rate. The equivalent compression frequency of impact,
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determined by comparing strain rates is 3.51 times 45 Hz, or approximately 158 Hz. Given the
linear relationship between response voltage and cycling frequency as discovered in Section
4.3.1 and the relationship equation for this particular sample given by Figure 4-24, the voltage
response corresponding to 158 Hz is approximately 475 mV. Figure 4-25 shows the voltage
response (approximately 475 mV peak-to-peak) from the sensor impacted by the 8.6 J. The inlay
plot of Figure 4-25 combines the previous voltage-frequency data with the impact data (475 mV
at 158 Hz). The linear relationship between voltage response and cycling frequency is retained
up to the equivalent impact frequency of 158 Hz with R2 = 0.998, enabling interpolation of the
linear relationship for all frequencies 1–158 Hz.

Quasi-Piezoelectric and Piezoresistive Multisensing
The previous sections have focused on the independent testing of piezoresistive and
piezoelectric response of nanocomposite foams. The potential for combining both responses
simultaneously is now considered. Nanocomposite sensors that exhibit both piezoresistive and
quasi-piezoelectric phenomena are called dual-response. The dual-response nature of 28 different
nanocomposite foam materials are characterized on a “material map” that is modeled after
Ashby plots of multiple material properties. The dual-response map graphically represents
interpolated / extrapolated capability with an oval envelope which circumscribes results of
empirical sampling of actual materials. Understanding the existence of dual-response foam
sensors, along with a discussion of their nature and methods for registering both responses
response is the main contribution of this project.
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4.4.1

Dual-Response Capability
The two types of information registered by nanocomposite sensors are voltage generation

and change in resistance, resulting from quasi-piezoelectric and piezoresistive phenomena,
respectively. The envelope of materials capable of registering these responses must be examined,
including different base polymers and nanoparticle contents.
In order to explore the variety of dual-response sensors, several sensors were produced
from various recipes, including base polymers of polyurethane, silicone and latex, and varying
quantities of nanoparticles of nickel powder and nickel-coated carbon fiber. Each nanocomposite
foam sample was probed with four-point lance measurement probes (except latex-based
specimens which were probed using conductive fabric) and the measurement probes were
connected to the data capture system. Each specimen was subjected to static compressions via
the Instron tensile testing machine and its lowest achievable resistance was recorded. Each
sample was subsequently mechanically impacted using the drop impact testing apparatus and its
highest achievable voltage response was recorded. Figure 4-26 maps the dual-response capability
of various nanocomposite foam sensors, plotting the sensor’s highest achievable voltage on the
y-axis and the sensor’s lowest achievable resistance on the x-axis (with the x-axis descending in
value), and groups the data by base polymer. The nanoparticle contents of each specimen are
listed in Table 4-2, corresponding to the specimen number in the dual-response map, and do not
necessarily reflect optimized nanoparticle contents. All three base polymers embedded with
nanoparticles were found to be capable of quasi-piezoelectricity in that they generated a voltage
under cyclic compressions, and piezoresistivity in that their resistance (simply measured by two
probes across the sensor) decreased with increased strain.
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Figure 4-26: Dual-Response Capability Map

Table 4-2: Dual-Response Capability
Map Specimen Nanoparticle
Contents
Nanoparticle Content (% wt)
Specimen
Number
Polyurethane Silicone Latex
1
15
12
1
2
18
12
2
3
13
22
3
4
13
22
4
5
6.5
17
5
6
10
12
6
7
20
12
7
8
15
22
8
9
13
22
-10
5
17
--
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100

4.4.2

Simultaneous Piezo-Phenomena / Multisense Capture
Having established the existence of dual-response nanocomposite foam sensors, a

response extraction method was developed, capable of capturing, analyzing and outputting both
response data, simultaneously and instantly. The piezoresistive response is referred to here as
“impedance” because it includes reactance, or capacitance and inductance. Reactance is
introduced in circuits with alternating currents.

10kΩ
3V 5kHz
Vin

V
Vout
dual-response
sensor foam

V

Figure 4-27: Dual-Response Signal Capture Circuit
A voltage divider was used to capture dual-response data and was created by placing a 10
kΩ resistor in series with the sensor, and the voltage across the sensor, 𝑉𝑉678 , was measured, as
shown by Figure 4-27. A voltage divider is used because it makes the sensor act like an

impedance element, but the voltage across it may be measured. The resistor size was selected
because it reflects an approximate center point in the resistance capability (see Figure 4-18 and
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Figure 4-26). The voltage divider was powered using an EZ Digital function generator which
supplied a 3 volt signal, and alternated at 5 kHz to mitigate possible charging effects made
available by the sensor. This supplied voltage signal, 𝑉𝑉9: , was also measured. Leads from the

circuit measuring the sensor and generated voltages were connected to two separate banks of the
data capture system. The sensor was subjected to cyclic compressions using the cyclic
compression testing apparatus, beginning with 300 s of 30 Hz compressions to reach steady state
temperature, followed by data capture for 30 s each at cycling frequencies of 30 Hz, 27 Hz, 23
Hz and 19 Hz, and 𝑉𝑉9: and 𝑉𝑉678 were recorded. The recorded signals 𝑉𝑉9 were quadrature

demodulated in order to remove the alternating carrier signal. Quadrature demodulation was
achieved by multiplying the received signals by cosine and sine waves with 𝑓𝑓< = 5𝑒𝑒3 (carrier
frequency) and low-pass filtering them resulting in the in-phase term 𝐼𝐼(𝑡𝑡)9 and the quadrature
term 𝑄𝑄(𝑡𝑡)9 , and described by equations (4-2) and (4-3).
𝐼𝐼(𝑡𝑡)9 = 𝑙𝑙𝑙𝑙𝑙𝑙 𝑉𝑉9 ∙ cos 2𝜋𝜋𝑓𝑓< 𝑡𝑡9

𝑄𝑄 𝑡𝑡

9

(4-2)
(4-3)

= 𝑙𝑙𝑙𝑙𝑙𝑙 𝑉𝑉9 ∙ sin 2𝜋𝜋𝑓𝑓< 𝑡𝑡9

Complex plane trigonometry was used to compute the amplitudes and phases of the demodulated
signals, given by equations (4-4) and (4-5), and MATLAB was used to combine the amplitude
and phase terms in the complex sense to produce 𝑉𝑉9:NOPQ6O and 𝑉𝑉678NOPQ6O .
𝐴𝐴(𝑡𝑡)9 =

𝐼𝐼(𝑡𝑡)S9 + 𝑄𝑄(𝑡𝑡)S9

𝜑𝜑(𝑡𝑡)9 = tanNW

X(8)Y

(4-4)
(4-5)

Z(8)Y

The demodulated complex signals 𝑉𝑉9:NOPQ6O and 𝑉𝑉678NOPQ6O were used in a simple voltage

divider equation, equation (4-6), which, when rearranged in equation (4-7), computes the
impedance of the sensor over time.
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𝑉𝑉678NOPQ6O =
𝑍𝑍S = 𝑍𝑍W ∙

[\

[] ^[\
W

(4-6)

∙ 𝑉𝑉9:NOPQ6O

(4-7)

`Yabcdefc
NW
`fghbcdefc

Finally, the voltage response of the sensor was computed by subtracting the input voltage from
the output voltage. Figure 4-28 jointly displays the computed voltage and impedance amplitude
data. Just as shown in Section 4.2, a higher cycling frequency generates a larger voltage
response. However, the voltage response here is noisy and tapers down after each change in
frequency, and both effects are presumably introduced by the measurement circuit. The
impedance response shows a steady maximum value highlighting the nominal minimum strain,
and a changing minimum value indicating some drift in the impedance under maximum strain.
This joint display demonstrates the capability of the dual-response sensor, though the method for
registering its signals is not yet perfected.
Scientific literature has long explored the piezoresistive capability of nanocomposite
foams. A new regime of impact sensing capability opened with the discovery of quasipiezoelectricity of such materials [30-32]. This project has continued this exploration and shows
many nanocomposite foams are capable of both electrical phenomena, making them dualresponse sensors. Nanocomposite foam sensors are complicated circuit elements, and when used
in a mechanical system their electrical properties can be harnessed to provide multiple types of
real-time health-related information.
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Figure 4-28: Nanocomposite Foam Sensor Dual-Responses
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CONCLUSIONS

Nanocomposite foam sensors can be designed to be quasi-piezoelectric and
piezoresistive; i.e. when subjected to cyclic loads they generate voltage and experience a change
in resistance, respectively. By capturing the electrical signal / properties of the sensors they can
be used to monitor the health of mechanical systems, for example. While the main focus of this
project was to prove the existence of, and optimize the design of, dual nature sensors, the initial
activity explored and identified a model comprising best methods for monitoring sensor response
in order to provide consistent results and standardize the data-gathering process. This exploration
also helped uncover some of the physical mechanisms underlying the dual-response phenomena.
These physical mechanisms include triboelectricity which describes charge generated when two
materials dynamically contact, and quantum tunneling which describes particles (in this case
electrical charge) which burrow through otherwise insurmountable (i.e. insulative) barriers.
Armed with best signal capture practices and better understanding of the underlying phenomena,
a wide envelope of foam sensors was examined by varying the base polymer and nanoparticle
content, ultimately leading to the design of multisensing foam sensors. Three base polymers
were explored including polyurethane, latex and silicone, and two nanoparticles including nickel
powder and nickel-coated carbon fiber.
Four types of probe design were evaluated for registering voltage response of the foam
sensors. Of these, lance probes and embedded leads probes both provide excellent methods for
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extracting voltage response data, and are presumed to capture resistance response data. Lance
probes are beneficial as they may be used to probe specimens after they are manufactured;
embedded leads probes are more likely to stay fixed in the sensor and are the recommended
probe for industrial production. Conductive fabric probes are currently the only viable solution
for use with latex foam. Plate probes do not as yet provide useful information using the
configurations studied in this project, and they should not be used without further investigation.
Measurement probes inserted into foam also generate voltage under cyclic loads. The voltage
response from the probe-foam interaction is proportional to the probe total surface area. A single
probe coupled with a ground connection may be used to extract voltage response data, though
two probes inserted at opposite ends of the specimen are used to capture change in resistance in a
foam sensor.
In addition to the voltage generated by the probe-foam interaction, embedded
nanoparticles in foam sensors also generate voltage. A sensor with nanoparticles produces a
voltage response 50% larger than without nanoparticles, providing a higher signal-to-noise ratio
and making the data more meaningful. In addition to adding nanoparticles, increasing sensor
volume while maintaining identical mechanical response increases the voltage response
proportionally.
Cyclic loading does not always maintain compression on a cold sample due to the
recovery speed of the sensor being slower than the cycling speed. Fastening the cold sensor to
the cycling head aids in producing a consistent voltage response by reducing chaotic movement
of the sensor.
A nanocomposite foam sensor’s temperature increases when subjected to cyclic
compressions, and the voltage response of the sensor rises linearly with increased sensor
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temperature. In order to accurately measure the voltage response of a sensor subjected to
sustained, cyclic compressions, the sensor should be allowed to reach a steady state temperature,
or calibration of the response for a temperature shift is required. For example, 45 Hz, 0.0–0.2
strain cycling of a polyurethane-based nanocomposite sensor increased the sensor temperature by
over 37°C, multiplied the voltage response nearly six times, and reached steady temperature
(68°C) and voltage response in 120 s.
All three base polymers embedded with their respective optimum nanoparticle content
were found to be capable of displaying piezoresistance, in that the resistance (simply measured
by two probes across the sensor) decreases with increased strain. Polyurethane-based specimens
registered a measurable resistance at 0.0–0.4 strain and reached resistance as low as 0.81 Ω, the
lowest of all base polymers. Silicone-based specimens registered a measurable resistance at 0.0–
0.5 strain and reached resistance as low as 1.6 Ω. Polyurethane- and silicone-based specimens
were compressed to a maximum 0.72 strain in order to prevent specimen mutilation. Latex-based
specimens, presumably less dense than polyurethane- and silicone-based specimens, experienced
nearly 0.8 strain before their resistances dropped into the measurable realm, and reached
resistance as low as 27.5 Ω at 0.96 strain. Nanocomposite sensing foams exist of base polymers
and nanoparticle contents which exhibit piezoresistive behavior, meaning their resistances
decrease with increasing strain levels, and may accommodate various strain levels and resistance
profiles. The resistance of nanocomposite foam sensors under quasi-static strain decreases
slightly with time. Further work is underway to discover, characterize and correct the decaying
signal.
All three base polymers embedded with nanoparticles were found to be capable of quasipiezoelectricity when compressed cyclically, in that they generate a voltage at each compression.
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The quasi-piezoelectric voltage response of nanocomposite foam sensors increases linearly with
compression frequency. This relationship was empirically observed in polyurethane-based
sensors 0–45 Hz and again at an equivalent impact frequency of 158 Hz. The linear relationship
may reasonably be interpolated for frequencies 1–158 Hz.
The dual response nature of a range of nanocomposite foams is mapped using an Ashbytype chart. A circuit and signal demodulation system was developed enabling simultaneous
capture of a multisensing foam sensor’s voltage generation and change in resistance.
Dual-response sensors are multisensing because they provide two distinct data capable of
simultaneously monitoring the immediate and long-term health of the compliant component
specifically by enabling real-time monitoring and identification of the nominal compression and
the impacts received by the sensor. For example, dual-response gaskets positioned between two
hard components may detect and identify vibrations and vibration frequencies, and track gasket
nominal compression. Land use equipment like tractors, snowmobiles, semi-trucks and ATVs
with dual-response seats and hand grips may provide more intuitive safety kill-switches and
vibration damage tracking. Running shoes and gloves built with dual-response sensing materials
may deliver athletes multiple types of performance-based information related to their
compressions and impacts. Spinal disc implants containing dual-response sensors may be
capable of cushioning the vertebrae, self-calibration and providing real-time information
regarding the patient’s mobility.
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